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ABSTRACT 
MoS2, one of transition metal dichalcogenides (TMDs), has caused a lot of attentions for its excellent 
semiconductor characteristics and potential applications. Here, based on the density functional theory 
methods, we predict a novel two-dimension (2D) quantum spin hall (QSH) insulator in the porous allotrope 
of monolayer MoS2 (g-MoS2), consisting of MoS2 square and hexagon. The g-MoS2 has a nontrivial gap as 
large as 109 meV, comparable with previous reported 1T′-MoS2 (80 meV), so-MoS2 (25 meV). We 
demonstrate that the origin of 2D QSH effect in g-MoS2 originates from the pure d−d band interaction, 
different from conventional band inversion between s−p, p−p or d−p orbitals. Such new polymorph greatly 
enriches the TMDs family and its stabilities are confirmed by phonon spectrum analysis. In particular, 
porous structure also endows it potential application in efficient gas separation and energy storage. 
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Two-dimensional topological insulators (TIs), featured with gapless boundary states, which is protected 
by time-reversal symmetry with characteristic spin texture, completely refreshed our minds and brought a 
new revolution to material science due to their unparalleled electronic properties as well as promising 
applications in dissipationless electronic devices.
1-4
 The edge states in two-dimensional (2D) TIs, 
characterized with quantum spin Hall (QSH) states, are more robust against nonmagnetic impurities than in 
3D TIs and thus are better suited for coherent spin transport related applications. Impressive progress in 
searching for desired 2D TIs leads to successful findings of monolayers or few-layer van der Waals crystals, 
such as monolayer graphene,
3,4
 silicene,
5,6
 germanene,
7
 stanene,
8
 BiSb Alloys,
9
 BiTeCl,
10
 V2−VI3 family 
compounds (Bi2Se3, Bi2Te3 and Sb2Te3).
11
 However, up to now the well-known QSH insulators, including 
HgTe/CdTe,
12
 InAs/GaSb quantum wells,
13
 were experimentally observed only at very low temperatures and 
ultrahigh vacuum due to weak spin−orbit coupling (SOC). To expand and advance practical application of 
two-dimensional (2D) TIs at room temperature, it is desired to design and search for new TIs to overcome 
the thermal disturbance. Intensive efforts have been devoted to engineer QSH insulators via first-principles 
method, and thus a crowd of candidates, including ZrTe5,
14
 ZrBr,
15
 2D III−Bi compounds,16 
methyl-munctionalized compounds (Bi Bilayer,
17
 GeCH3
18
), halide-munctionalized 2D materials(such as 
X2-GeSn,
19
 GeX,
20
 decorated stanene,
21
 Bi4F4,
22
 Bi4Br4,
23
 BiX/SbX monolayers,
24
 chloridized gallium 
bismuthide
25
 and so on), are predicted to be new TIs. Even though some of the predicted QSH 
insulators
17,22,25
 show large band gap enough for room temperature (RT) applications, all of them still have 
not been obtained experimentally. Therefore, desirable materials preferably with large bulk gaps are still 
lacking and deserve to be explored in experiment and theory for realistic RT applications. 
MoS2, a typical example of the most studied transition metal dichalcogenides (TMDs), has attracted a 
lot of attention for its promising semiconductor characteristics and potential applications in in electronic, 
optical,
26
 catalytic,
27
 and lubricant properties.
28
 Meanwhile, monolayer MoS2 nanostructures exhibit even 
more intriguing properties, due to its intriguing properties by virtue of the quantum size effect, such as the 
strong photoluminescence,
29
 moderation direct band gap (~1.8eV)
30,31
 and relatively high mobility rate
30
 and 
high on/off ratio.
33,34
 Theoretical and experimental studies of monolayer MoS2 have revealed its unlimited 
potentials for future applications in nanoelectronics. 
Recently, the prediction of MoS2 in the square-octagonal lattice (so-MoS2)
35-37
 was found to exhibit 
gapless band structure with Dirac fermions at Γ point. Distinct from the conventional p−p band inversion in 
graphene, so-MoS2 holds the pure d−d band interaction and possess a Fermi velocity (2.3-2.4 × 10
6
 m/s),
35
 
comparable to that of graphene.
2,3
 Besides, lattice distortion can induce an intrinsic band inversion between 
chalcogenide-p and metal-d bands in 1T′-MoS2,
38
 a new class of large-gap QSH insulators in 
two-dimensional transition metal dichalcogenides. These researches here greatly enrich the physical 
properties of TMDs and provide new guidance for engineering high-performance TIs materials. Meanwhile, 
intensive efforts on the grain boundaries of monolayer MoS2
39-41
 have proved that four-, five-, seven-, 
eight-membered rings, as well as six-membered rings can coexist in monolayer MoS2, showing the structure 
diversity. Motivated by above phenomenon, we design a new allotrope of MoS2 monolayer composed of 
repeated special MoS2 square and hexagon units (denoted as g-MoS2). Based on density functional theory 
(DFT) method, we theoretically study the structure, stability, and electronic properties of the atom-thick 
MoS2 monolayer. This new kind of QSH insulator is verified by topological edge states and Z2 topological 
invariant. The unique arrangements of six- and four-rings provide vital insight into physical properties of 
TMDs and open up a viable approach to design 2D topological materials for realistic applications. 
Utilizing density functional theory (DFT) as implemented in the Vienna ab-initio simulation package 
(VASP),
42
 we investigate the equilibrium structure, stability, and electronic properties of the predicted 
structure. All-electron projector augmented wave method
43
 was used for the ionic cores and the generalized 
gradient approximation for the exchange-correlation potential.
44
 The reciprocal space was sampled with 0.03 
Å
−1
 spacing in the Monkhorst-Pack scheme for structure optimization, and denser k-point grids with 0.01 
Å
−1
 spacing were adopted for electronic properties calculation. We used a mesh cutoff energy of 500 eV to 
determine the self-consistent charge density. All geometry structures were relaxed until the 
Hellmann-Feynman force on atoms is less than 0.01 eV/Å and the total energy variation is less than 1.0×10
−6
 
eV. The screened exchange hybrid density functional by Heyd-Scuseria-Ernzerhof (HSE06)
45,46
 was adopted 
to further correct the electronic structure. A vacuum space of 15 Å along the z direction was used to avoid 
interactions between adjacent layers. The phonon calculations were carried out by using the density 
functional perturbation theory (DFPT)
47
 as implemented in the PHONOPY code
48
 combined with the VASP. 
To verify the stability of the system at elevated temperatures, the ab-initio molecular dynamic (MD) 
simulations were performed using the Nosé algorithm
49
 in the NVT ensemble at 500K and 1000K 
respectively. The VESTA software
50
 was used for visualization and plot. 
The novel plane MoS2 akin to graphenylene (Fig. S1c), is composed of repeated special MoS2 square 
and hexagon units (denoted as g-MoS2).
51
 The optimized g-MoS2 contains two six-membered MoS2 rings 
connected by a four-membered MoS2 unit, crystallizing in the hexagonal space group, P6̅m (no. 175), with a 
= b = 8.803 Å (Fig. 1a). Such a g-MoS2 holds three distinct Mo-S bond lengths varying from 2.39 Å to 2.46 
Å to 2.47 Å (Fig. 1c), revealing a severely structural distortion originated from the square-hexagon topology. 
Similar to other monolayer MoS2, the g-MoS2 layer with the covalently bonded S-Mo-S atoms has a Mo 
atomic plane layer sandwiched between two S atomic layers. All Mo atoms are hexa-coordinated 
octahedrally with six nearest neighbor S atoms. As illustrated in Fig. 1, we have calculated the thickness of 
the monolayer g-MoS2 by simply measuring distance between the top and bottom S atomic layers. 
Compared to previous work,
35
 the thickness of three MoS2 allotropes, h-MoS2 so-MoS2 and g-MoS2, 
decrease from 3.13 to 3.12 to 3.11 Å, respectively. 
To evaluate the stability of this structure, we first computed the formation energy with respect to 
isolated atoms, defined as below: 
  (1) 
Where Etotal is the total energy of monolayer MoS2, EMo and ES were the energies an isolated Mo and S 
atom, respectively. Our result shows that g-MoS2 has a formation energy of −4.79 eV, indicating it being 
energetically favorable. As a comparison, we also calculated the formation energy of h-MoS2 and so-MoS2, 
which is −5.08 eV and −4.80 eV, same to the reported value,35 indicating g-MoS2 and so-MoS2 hold almost 
the same structural stability. Furthermore, the phonon band structure and vibrational density of states, shown 
in Fig. S2a, were calculated to study the dynamic stability and structural rigidity of the g-MoS2. At first 
glance of the phonon dispersion, there are the linearly crossing phonon branches at the K symmetry point, 
which often appears in the hexagonal crystal. No imaginary phonon frequencies are observed in the 
Brillouin zone, indicating inherent dynamic stability of a crystal at low temperature. The presence of quite 
high eigenvalues in optical phonon is another direct indication for the structural stability. We find the highest 
frequency in phonon spectrum of g-MoS2 reaches up to 442 cm
-1
, close to that of so-MoS2 (444 cm
-1
), 
slightly lower than that of h-MoS2 (462 cm
-1
), reflecting a similar stability. The fluctuations of total energy 
with simulation time are plotted in Fig. S2b. After 5000 steps at 500 K, we found that there is no obvious 
structure destruction, and that the average value of total energy remains nearly constant during the whole 
simulation scale, confirming g-MoS2 being at least thermally stable at room temperature. 
The calculated band structure, presented in Fig. 1d, shows zero band gap with the valence band 
maximum (VBM) and conduction band minimum (CBM) touching at the Γ point. The shapes of the 
conduction and valence bands (VB and CB) are presented in Fig. 1e. The CB is flattened, while VB shows a 
considerable radian, indicating the coexistence of heavy electrons and light holes. The effective mass can be 
estimated by using the following equation at the bands extrema: 
  (2) 
Our calculations show that the carrier effective masses are 8.54 me (electron) and 0.39 me (hole) along 
Γ − K direction at Γ point, respectively. Such a dramatic difference in effective mass is useful for selectively 
injecting or emitting holes or electrons, rendering the materials huge application prospects in nanoelectronic 
devices. 
It is amazing that so-MoS2 and g-MoS2 are both gapless and have heavy carriers, but so-MoS2 
possesses unique massless Dirac structure. To explain this peculiar phenomenon, total DOS and projections 
DOS for g-MoS2 so-MoS2 and h-MoS2 are calculated and plotted in Fig. 2. In h-MoS2, the frontier orbitals 
mainly originate from the Mo−d orbitals hybridized with visible contributions from the S-p orbitals. In the 
DOS of g-MoS2 and so-MoS2, we can see the orbitals around Fermi level mainly come from Mo−d orbitals 
with negligible components from S−p orbitals, holding the zero DOS and thus showing zero-gap at Fermi 
level. In detail, in the case of h-MoS2, the VB can be primarily ascribed to the dx2-y2 and dz2 orbitals while 
CB to dz2 orbitals. As for so-MoS2 and g-MoS2, the basic units are totally reconstructed, and the electron 
orbital contributions around Fermi level have also varied. In the case of so-MoS2, the VB and CB+1 are 
mainly composed of the Mo−dx2-y2 orbitals, possessing a linear energy–momentum dispersion characterized 
by the Dirac structure, while the CB and VB−1 mainly composed of the Mo−dz2 orbitals are almost flat. 
Meanwhile in the case of g-MoS2, the CB and VB are primarily constituted of the Mo−dz2 orbitals, having 
parabolic energy–momentum dispersion relations. So, the contributions from S−p electrons are almost 
negligible for g-MoS2 and so-MoS2, but indispensable for h-MoS2. 
To further quantify the contributions to CB and VB for g-MoS2, we have calculated the three main d 
orbitals contributions to VB and CB along K-M-Γ-K in the Brillouin zone. In Fig. 3a, we can see the VB and 
CB are mostly constituted of dz2 orbital with small contributions from Mo−dxy and −dx2-y2 orbitals. 
Specifically in VB region, the dxy, dz2 and dx2-y2 orbitals show no big fluctuations and the subordinate 
components of VB are dx2-y2. While in CB region, the dxy, dz2 and dx2-y2 orbitals undulate severely in the 
Brillouin zone and dxy orbital becomes the second part of CB around Γ point. To give an ocular explanation 
on the nature of the zero band gap of g-MoS2, VBM charge density contours at Γ point are calculated and 
shown in Fig. 3b. We can clearly see that the frontier orbitals at Fermi level mainly originate from the 
Mo-dz2 orbital hybridized with small amounts of dxy and dx2-y2 orbitals, further verifying above analysis. 
As is well-known, the four pear-shaped lobes of in-plane dx2-y2 orbitals, shown in Fig. S4, spread in the 
x−y plane in real place, fully compatible with the square lattice symmetry. As a result, a long-range 
coherence is realized between the dx2-y2 orbital and the square crystal lattice, leading to Dirac cone feature in 
so-MoS2.
35
 On the contrary, the two pear-shaped regions of out-of-plane dz2 orbitals are localized and placed 
symmetrically along the c axis, bringing about the heavy fermions to h-MoS2, so-MoS2 and g-MoS2. Overall, 
distinctive electronic properties in the three two-dimensional crystals can be attributed to the lattice 
symmetry’s mismatching with Mo−d orbitals. 
To explicitly verify the nontrivial topological nature of g-MoS2, we have performed the calculations of 
edge states by cutting 2D monolayer into nanoribbon with the armchair edges. To avoid the interaction 
between two edges, the width of nanoribbon is cut to be more than 7.40 nm. The module and calculated 
band structure of g-MoS2 ribbons are presented in Fig. 4. It can be clearly demonstrated that the 
topologically protected conducting edge states connecting the conduction and valence bands exist within 
bulk band gap, which confirms the nontrivial topological phase in the g-MoS2. For a 2D QSH insulator, 
another remarkable characteristic is the Z2 topological invariant (ν), with ν = 1 characterizing a topologically 
nontrivial phase and ν = 0 meaning a topologically trivial phase. According to the method proposed by Fu 
and Kane,
52,53
 we calculate Z2 topological invariant directly from the parities of Bloch wave functions for 
occupied energy band at time-reversal-invariant-momenta (TRIM). There are four TRIM points for g-MoS2, 
namely one Γ and three M points. The Z2 topological invariant ν for g-MoS2 is defined by following 
equation: 
 ,  (3) 
Where the δ(ki) is the product of parity eigenvalues at the TRIM points, ξ = ±1 present the parity 
eigenvalues and N denotes the number of the degenerate occupied energy bands. For g-MoS2, the products 
of the parity eigenvalues at the Γ and M points are −1 and +1, respectively. It implies that the QSH effect 
can be realized with Z2 topological invariant ν = 1 in g-MoS2 monolayer. 
In desirable QSH insulator, large nontrivial gap is one of the prerequisites for practical application in 
spintronics. To overcome the underestimation of band gaps by the PBE method, we recalculated the band 
structure of g-MoS2 based on HSE06 funtional.
45,46
 Both PBE and HSE06 without SOC show the semi-metal 
feature with zero band gap. When applying SOC, the degenerated states at the touching point are lifted out 
(Fig. S5), opening up an energy gap of 40 meV (PBE) and 109 meV (HSE06), much larger than the previous 
reported TIs materials in 1T′-MoS2 (80 meV),
38
 and so-MoS2 (25 meV),
36,37
 showing superior performance 
than graphene, silicone and germanene with nontrivial gaps in the order of meV.
54,55
 The relatively large 
nontrivial band gap makes g-MoS2 promising for practical application as a novel 2D topological insulator at 
room temperature (~ 30 meV). 
Encouragingly, potential gas separation and purification applications in g-MoS2 can be expected. It has 
been proved that MoS2 nanosheet has a high affinity to selected gas species including H2, NO2 and CO2 due 
to high adsorption energy of these gas molecules onto the basal surface of MoS2.
56,57
 In g-MoS2, the special 
organization of six- and four-rings renders it is a 2D network with periodically distributed pores. The 
electron density isosurfaces of porous g-MoS2 monolayer are calculated and shown in Fig. 3c, presenting an 
average pore diameter of 5.3 Å with a nummular shape via the method described by Song et al.
51
 Such a 
diameter indicates that the porous MoS2 can offer similar pore size distribution as silicalite, and may allow 
the separation of molecules (CO2, CH4, and O2) based on the differences in diffusion speeds, like other 
porous materials.
58-60
 This feature prompts porous nanosheet a promising material for gas separation and 
purification applications. 
In conclusion, a novel MoS2 allotrope, constituted of MoS2 hexagon and square units, is found to be 
energetically and thermally stable. Almost all of the contributions near Fermi level come from dz2 orbitals, 
leading to the existence of heavy fermions. Meanwhile, the nontrivial topological characteristics originated 
from pure d orbitals are found in this monolayer. The topological features confirmed by edge states and 
non-zero topological invariant (ν = 1) show g-MoS2 is a novel QSH insulator with a nontrivial gap of 109 
meV, which is large enough for room-temperature detection. The special arrangement of six- and four-rings 
within the plane endows g-MoS2 the well-defined pore structure, which suggests the potential application in 
gas separation and storage. Several features, including high stability, quadratic band touching, quantum spin 
Hall (QSH) effect and special pore structure, open up the possibility for engineering on 2D 
transition-metal-based QSH insulators, and enable g-MoS2 being promising materials for next-generation 
high-performance spintronic devices. 
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Figure Caption 
 
 
Figure 1. Equilibrium structure of g-MoS2 from (a) top view and (b) side view. (c) Hexagonal model 
representation. Primitive unit cells are emphasized by the solid black line. (d) Calculated orbital-resolved 
band structures of g-MoS2 based on DFT-PBE. (e) 3D band structures formed by the valence and conduction 
band. The Fermi level has been set at 0 eV. The bands near Fermi energy are mainly dominated by Mo−dz2, 
Mo−dx2-y2 and Mo−dxy. 
  
Figure 2. The selected (Γ − k, Γ − M and K − Γ) band structures and density of states for (a) g-MoS2, (b) 
so-MoS2 and (c) h-MoS2 monolayer. 
  
 
Figure 3. (a) The contributions of three main d orbitals to VB (down) and CB (top). (b) VBM charge density 
contours at Γ point of g-MoS2. (c) Electron density isosurfaces for g-MoS2. Isosurface value: 0.002 e/Å
3
. 
  
 
Figure 4. (a) Top view of g-MoS2 nanoribbon with armchair edges. (b) The calculated topological edge 
states for g-MoS2 with SOC. The Dirac helical states are denoted by the red solid lines and red spheres, 
which exist at the edges of the ribbon structure. The partial charge density for helical states bands (in 10
−3
 
e/Å). Zero of energy is set at the Fermi level. 
